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ABSTRACT OF THESIS 
 
 
 
 
CHARACTERIZATION AND ELECTROCHEMICAL PERFORMANCE OF 
DOPAMINE-SENSITIZED TITANIA THIN FILMS 
 
Sensitization of mesoporous titania films with dopamine and polydopamine for visible 
light photoelectrochemical activity is investigated. Sensitization effectiveness is 
compared with 8 mM dopamine solutions of varying pH (acidic, basic, and neutral), as 
well as with a basic polydopamine solution. Vibrational changes due to dopamine 
attachment are determined from detached powders by Fourier-transform infrared 
spectroscopy (FTIR), and thermogravimetric analysis (TGA) is used to quantify organics 
attached. X-ray photoelectron spectroscopy (XPS) of intact films probes the chemically 
induced charge shift from dopamine attachment. Cyclic voltammetry identifies the 
irreversible dopamine oxidation and tin reduction voltages. Finally, chronoamperometric 
curves are used to compare the photoelectrochemical water splitting performance of 
samples sensitized in different environments. FTIR results indicate mainly bidentate 
attachment of dopamine to titania, with minor monodentate attachment. XPS and TGA 
indicate quick saturation of the surface during sensitization, most notably for 
polydopamine, and XPS indicates a range of charge shifts from 2.28 eV to 2.83 eV for 
oxygen and titanium binding energies. Dopamine sensitization in DI water for 15 minutes 
gave optimal water oxidation, enhanced by 80 times (under 455 nm light and 0.4 V) 
compared to pure titania films. Preliminary photocatalytic water reduction using 
dopamine-sensitized titania films are investigated.  
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1. Introduction 
Titanium dioxide, commonly referred to as titania, serves as an inexpensive and 
photostable electrode and as the foundation for a multitude of applications, including but 
not limited to paint whiteners, antimicrobial agents, ceramics, self-cleaning surfaces, 
personal care products, photovoltaics, biosensors, catalysts, and photoelectrocatalysts for 
water oxidation [1-12]. Unfortunately, the band gap of titania, which is between 3.0 
(rutile) and 3.2 (anatase) eV, restricts light absorption to the 5% of solar radiation that is 
the ultraviolet spectrum [13, 14]. Amorphous titania has a band gap of 3.5 eV, which 
further restricts absorption into the ultraviolet spectrum [15]. The surfactant-templated 
mesoporous amorphous materials investigated in this thesis provide a high surface area 
with surface defects, which contribute to charge carrier separation enhancement and 
visible light absorbance [16, 17]. As a method to overcome this shortcoming, the surface 
of titania has been treated with a variety of organic molecules to increase the absorption 
from the visible spectrum for potential use in solar cells, photocatalysis, and water 
oxidation [11, 18, 19]. The most common of these are dye-sensitized solar cells where 
light absorption occurs in a dye complex near the surface of titania, and charge carrier 
transport occurs. Catechol adsorption onto anatase has been widely researched, and it has 
been shown experimentally through absorption spectra that formation of a charge-transfer 
complex directly results in a shift of the optical absorption towards the visible spectrum 
[20].  
Electron excitation of chelated ligands results in electron transfer to the 
conduction band of titania without transitioning through the excited state of the enediol 
[21-23]. The delocalized conduction band of the titania semiconductor receives electrons 
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while holes reside within the organic modifier, leading to extended charge separation 
usable for reactions of redox species in solution [21, 24]. Catechols (molecules 
containing enediol groups such as dopamine) bind in one of two formations: monodentate 
and bidentate attachment [25]. Monodentate attachment involves one oxygen covalently 
bonded to the titania surface, and bidentate attachment has two covalent attachments by 
dopamine to titania [25, 26]. A visual demonstration of these attachments is displayed in 
Figure 1. 
 
Figure 1: Schematic of the dopamine structure and the different forms of attachment to 
titania. The figure is not to scale. Inspired by Luppi et al. [27].  
Monodentate attachment of dopamine has been shown to be readily oxidizable, 
but the bidentate ligand attachment is not as easily oxidizable due to the formation of 
mid-gap states [24, 28, 29]. Bidentate attachment can further happen in two possible 
ways: mononuclear and binuclear, in which the two oxygens of the enediol group 
covalently link to the same titanium atom or two neighboring titanium atoms, 
respectively [30]. Unambiguous determination between the two formations of bidentate 
attachment are not possible, but bidentate binuclear formation has been predicted 
computationally not to be energetically favorable compared to mononuclear attachment 
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[22, 29-31]. In addition to these calculations justifying the common assumption in 
literature that bidentate attachment is mononuclear, or chelated, the dissolution profile 
reported by Hogan et al. is consistent with mononuclear bidentate attachment [31].   
Enediol ligand binding to undercoordinated surface sites forms ligand-to-metal 
charge-transfer complexes that enhance photocurrent generation by visible light; 
however, the disadvantage is that dopamine readily oxidizes into free radicals and 
quinones producing reactive oxygen species [20, 21, 28, 32-37]. In undercoordinated 
surface sites, electron-hole pairs are prone to recombine instead of participating in redox 
reactions; thus, a large separation distance of the electron-hole pair suppresses this 
recombination [38, 39]. Dopamine molecules also enable charge transfer between 
nanoparticles and a biological system, which provide potential for dopamine-sensitized 
films to function as a DNA recognition system and in biomedical applications [21, 22, 
24]. In order to press the frontier of visible photocatalysis and connect it to complex 
biological systems, studies of dopamine sensitization with amorphous titania mesoporous 
materials and their electrochemical properties were necessary. 
The hypothesis of the present thesis is that the sensitization of mesoporous titania 
films with dopamine in different pH conditions, or with polydopamine intentionally 
prepared by base-catalyzed polymerization, can result in enhanced water oxidation under 
visible light. While dopamine addition is shown to improve visible-light absorption of 
titania, these systems are typically related to titania nanoparticles or anatase systems, so 
the investigation into amorphous titania thin films and subsequent dopamine addition 
appears to be novel [10, 22, 26, 28, 40-43].  
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In this study, the attachment of dopamine is explored through dopamine and 
polydopamine sensitization at various pH values. Acidic environments are known to 
inhibit dopamine polymerization [44-46]. Dopamine polymerizes slowly under neutral 
pH conditions, but dopamine in basic environments has been shown to undergo 
spontaneous polymerization to produce strongly colored solutions [47, 48]. Solid surface 
modification with polydopamine originated with reports of deposition from dopamine 
solutions at pH 8.5 through autoxidation [49-52]. Wu et al. attached polydopamine 
spheres to titania nanoparticles by first making polydopamine spheres before 
sensitization, which demonstrated another method of attachment [43]. For these reasons, 
dopamine sensitization are investigated here in acidic, basic, and neutral pH 
environments; to understand the effects of spontaneous polymerization that can occur at 
elevated pH, titania films are also sensitized with pre-formed polydopamine solutions. 
Dopamine is attached to titania for many reasons. The charge-transfer complex of 
dopamine and anatase titania were studied through photoemission experiments by Syres 
et al. [22]. Syres et al. used calculated molecular orbitals to support their experimental 
data suggesting that direct electron photoinjection into the titania conduction band had 
occurred [22]. Studies that focused on the charge-transfer complex led to application 
investigations. Fabrication of dopamine/titania hybrid nanoparticles were used to 
immobilize enzymes while retaining enzyme catalytic activity by Yang et al. [37]. Yang 
et al. demonstrated that enzyme activity was only reduced by 10% compared to free 
enzyme activity [37]. Munirathinam et al. used titania functionalized with polydopamine 
for the preparation of hydrotreating catalysis, which demonstrated the change of 
electronic properties of titania through sensitization and charge-transfer complex 
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formation [53]. Dopamine functionalized titania nanoparticles were formed for the 
degradation of herbicides in a study where Radoičić et al. demonstrated that herbicide 
degradation occurred by photogenerated electrons [23]. Whether studying electronic 
properties, enzyme immobilization, or herbicide degradation, dopamine functionalization 
of titania has been studied for a multitude of applications and uses. 
Here, to test the hypothesis of dopamine sensitization, mesoporous amorphous 
titania thin films templated with Pluronic F127 are treated with dopamine and 
polydopamine solutions. The effects of dopamine sensitization conditions on the form of 
attachment to titania films are investigated. Determining the form of dopamine 
attachment is accomplished using FTIR analysis and XPS analysis. The mass of organic 
material deposited is determined via TGA experiments, and UV-vis spectroscopy enables 
qualitative visible-light absorption comparisons indicating the presence of charge-transfer 
complexes and polydopamine. Cyclic voltammetry and chronoamperometry are used to 
investigate electrochemical and photoelectrocatalytic performance upon dopamine 
addition. The results indicate a form of bidentate dopamine attachment to give films with 
enhanced visible-light water oxidation under a positive voltage, but some degree of 
irreversible oxidation, resulting in a loss of current over time.  This oxidation can be 
reduced by staying below the voltage of surface-associated dopamine oxidation (+0.3 V). 
The findings show a surprising inverse relationship between the mass of dopamine added 
to the titania surface and the resulting oxidative photocurrent, perhaps due to the 
formation of polydopamine during sensitization. 
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2. Experimental 
2.1 Materials 
Deionized water (ACS, VWR), acetone (≥99.5% ACS, VWR), isopropanol 
(≥99.5% ACS, VWR), anhydrous ethanol (≥99.5% ACS, VWR), Pluronic F-127 (Mn ~ 
12,500 Da, Sigma-Aldrich), titanium tetrachloride (TiCl4) (99.9%, Acros Organics), 
dopamine hydrochloride (Sigma Aldrich), hydrochloric acid (HCL) (ACS, VWR), 
potassium hydroxide (KOH) (85% ACS, Fisher Scientific), potassium sulfate (K2SO4) 
(≥99.0, Sigma Aldrich), sodium acetate (NaAc) (ACS, VWR), potassium bromide (KBr) 
(Alfa Aesar), and fluorine doped tin oxide coated glass (FTO, MSE supplies) were all 
used as received. FTO was also obtained from Millipore Sigma and cut to fit a homemade 
electrochemical cell. 
2.2 Mesoporous Titania Film Synthesis 
Borosilicate glass slides (VWR) and FTO were dip coated in accordance with the 
procedure presented by Islam et al. [15]. Briefly, substrates were sequentially sonicated 
for 20 minutes each in DI water, acetone, and isopropanol before UV-ozone treatment for 
20 minutes. The coating solution was prepared by mixing 0.67 g F127 and 18.43 g of 
ethanol for 10 minutes; to this solution was added 1.12 mL of TiCl4 in a nitrogen-filled 
glove bag before stirring for 10 minutes.  As a safety precaution, it is important to note 
that the reaction between TiCl4 led to generation of HCl, some of which could evaporate 
into the surrounding gas.  0.1 mol (1.8 g) of DI water was subsequently added before the 
final 10 minute stirring session. The substrates were dip coated using a PTL-MM01 
desktop dip coater (MTI Corporation) at a speed of 6 cm/min at room temperature. 
Coated substrates were aged afterwards in a high humidity environment, approximately 
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94% relative humidity, at 4 °C for 2 hours. All films were rapidly cooled by transfer to 
the refrigerator used for aging to avoid moisture condensation on the film surface [54]. 
The samples were placed in a muffle furnace (Vulcan 3-550) with a ramp of 25 °C/min to 
350 °C for a duration of 10 min. 
2.3. Sensitization 
For sensitization, titania films were immersed in 8 mM dopamine hydrochloride 
solutions. Acidic and basic dopamine hydrochloride solutions were created through 
dropwise addition of HCl and KOH solutions, respectively. Acidic solutions were 
adjusted to pH 3.5, and basic solutions were adjusted to pH 8.5. The pH was confirmed 
with a Mettler Toledo SevenCompactTM Benchtop pH/Ion Meter. Polydopamine solutions 
were created from an 8 mM dopamine hydrochloride solution in DI water altered to pH 
8.5 and aggressively stirred for 24 hours. The elapsed time of sensitization varied among 
20 seconds, 15 minutes, 1 hour, or 6 hours before drying under normal atmospheric 
conditions. Specific elapsed times are given with the results. 
2.4. Characterization 
Fourier-transform infrared (FTIR) spectroscopy was performed on powdered 
samples obtained by carefully scraping one or more films from their substrates.  The 
sample powder was mixed at approximately 1 wt% with KBr, formed into a pellet, and 
analyzed using a Thermo Nicolet NEXUS 470 FTIR Spectrometer. Thermogravimetric 
analysis (TGA) was performed on powder samples scraped from glass substrates using a 
TA-SDT-Q600 simultaneous TGA/DSC instrument (TA Instruments).  The thermal 
program was from room temperature to 600 °C at a rate of 10 °C/min in air. X-ray 
photoelectron spectroscopic (XPS) analysis was conducted using a K-Alpha XPS system 
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(Thermo Scientific) with a Al K-a Micro-focused monochromator at photon energy of 
1486.6 eV. UV-Vis absorbance spectroscopy was performed using an Agilent 8453 UV-
Vis Spectroscopy System on solid samples held perpendicular to the beam and liquid 
samples in cuvettes.  
2.5. Electrochemical Measurements 
FTO substrates coated with mesoporous titania films (with or without 
(poly)dopamine modification) were used as working electrodes in a homemade glass 
electrochemical cell, which held the three electrodes comprising the system in an 
electrolyte solution. Electrochemical measurements were obtained with the CHI 660 D 
potentiostat (CH Instruments, Inc.) using an Ag/AgCl reference electrode and a platinum 
wire counter electrode. KOH, K2SO4, and NaAc were used as electrolytes in varied 
concentrations, which are included adjacent to the corresponding results. Cyclic 
voltammetry was performed in these electrolytes with various scan rates as described in 
results. The light source used during the amperometric current-time (i-t) curves was a 
blue LED (455 nm, Thorlabs). The light cycled on and off every 300 seconds during the 
experiments with it initially illuminating the sample; these tests lasted 1800 seconds. 
Various voltages were used as potentials for comparison testing of samples and are also 
presented in the results section. These experiments were modeled after the water 
oxidation experiment presented by Islam et al [55].  
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3. Results and discussion 
The FTIR results obtained from pure dopamine, a titania film, a titania film 
sensitized with dopamine in DI water for 6 hours, and a film sensitized with a 
polydopamine with a pH 8.5 for 6 hours are displayed in Figure 2.  
 
Figure 2: FTIR spectra of dopamine, polydopamine or dopamine-sensitized titania films 
(6 hr), and unmodified titania. A multiplication factor of 0.1 was used for the dopamine 
spectrum to make it legible. The transparent vertical lines presented are at 1191 cm-1 (δ 
(O-H)), 1261 cm-1 (ν (C-O)), and 1288 cm-1 (ν (C-O)).  
The principal IR assignments of key bands in the “fingerprint” region of the 
spectrum for all FTIR figures are summarized in Table 1.  
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 Table 1: Principal IR band assignments for FTIR spectra (cm-1). 
(…) 
(…)  
The pure dopamine results were reduced by a multiplication factor of 0.1 in order 
to enable comparison within Figure 2. The IR bands present in pure dopamine that were 
significant for interpretation are the following: 1191 (δ (O-H)), 1261 (ν (C-O)), 1288 (ν 
(C-O)), 1392 (δ (C-O-H in-plane)), 1473 (ν (aromatic C-C)), 1500 (ν (aromatic C-C)), 
and 1616 cm-1 (δ (N-H2)) [10, 30, 31, 56, 57]. Hogan et al. indicated that absorbed water 
molecules interact with scissoring vibrations as a broad band around 1630 cm-1, which 
explained the broad peak observed in the titania film sample [31]. When comparing pure 
dopamine to the dopamine- and polydopamine-sensitized samples, it is evident that the 
1191 cm-1 band disappeared while other bands characteristic of dopamine are clearly 
identifiable. The disappearance of the band associated with O-H bending with the 
evolution of a single band from the two bands associated with C-O stretching correlate to 
bidentate binding through the deprotonation of the phenolic groups of dopamine [31]. For 
these reasons, all FTIR figures include vertical lines at 1191, 1261, and 1288 cm-1 in 
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order to visibly identify this pattern. The presence of the primary amine bending at 1616 
cm-1 confirmed the presence of dopamine, not polydopamine [56]. These observations 
were common in dopamine-sensitized films in DI water over time, as seen in Figure 3.  
 
Figure 3: FTIR spectra of dopamine-sensitized titania films in DI water over time and 
unmodified titania. The transparent vertical lines presented are at 1191 cm-1 (δ (O-H)), 
1261 cm-1 (ν (C-O)), and 1288 cm-1 (ν (C-O)). 
Figure 3 displays the effect of changing the sensitization time for dopamine in DI 
water over times from 20 s to 6 h. Peak locations remain approximately the same over the 
period studied; the lack of an O-H bending band and presence of C-O stretching bands 
matches the bands presented in Figure 2. This trend indicates that the type of attachment 
was independent of time. Figure A1 shows the effect of changing the sensitization time 
for polydopamine in a pH 8.5 aqueous solution. The 20 seconds, 15 minutes, and 6 hour 
samples show bands at 1261-1268 cm-1 and 1280-1288 cm-1, which both represent C-O 
stretching. Without the O-H bending 1911 cm-1 band, all four time points showed a 
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strong peak about 1380 cm-1, which is representative of in-plane C-O-H bending; this 
finding would suggest the presence of monodentate binding and/or polydopamine binding 
[31, 56, 58]. The broad peak located around 3400 cm-1 is characteristic of the presence of 
absorbed water [59]. The peaks at 2846 and 2912 cm-1 are attributed to C-H stretching 
and are not seen in the dopamine-sensitized samples [60]. These peaks in conjunction 
with the presence of a strong 1380 cm-1 peak suggest monodentate binding. 
Polydopamine sensitization demonstrates features that are not present in the dopamine 
sensitization results. 
Figure A2 displays the effect of changing the sensitization time for dopamine in 
pH 8.5 aqueous solution from 20 s to 6 h. The presence of C-O stretching was observed 
in the two merging primary bands discussed in Figure 2: approximately 1261 and 1288 
cm-1. Together with the lack of a band at 1911 cm-1, it is evident that bidentate binding 
occurred independent of time. The trend and peaks observed in this figure match those 
found in the dopamine-sensitized samples in DI water, which indicate that increasing the 
pH did not affect dopamine attachment over the time span studied.  This suggests that 
dopamine did not polymerize extensively during sensitization, even at high pH.  
The effect of decreasing pH was then investigated. Figure A3 displays the effect 
of changing the sensitization time for dopamine in pH 3.5 aqueous solution from 20 s to 6 
h. The lack of 1911 cm-1 O-H band and presence of merging C-O bands 1261 and 1288 
cm-1 indicate bidentate binding in this pH water. These results culminate to the 
conclusion that sensitization in pure dopamine solutions at all pH conditions studied 
results in bidentate binding. Formation of polydopamine before sensitization results in 
either bidentate attachment of a form of polydopamine or a combination of monodentate 
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and bidentate attachment. FTIR, as a technique, suffers from an inability to clearly 
distinguish between mononuclear and binuclear bidentate binding with a single band; in 
order to differentiate between these two possibilities, XPS was employed [31].  
XPS was performed on a titania film, dopamine-sensitized films prepared in DI 
water, and polydopamine-sensitized films in pH 8.5 aqueous solution for sensitization 
times from 20 s to 6 h. A representative example of the XPS survey scan that was 
performed on every sample is presented in Figure 4.  
 
Figure 4: XPS survey scan of a polydopamine-sensitized film prepared in pH 8.5 aqueous 
solution after 6 hours. 
The survey scan demonstrates the presence of minor sodium (from NaOH) and 
chloride (from dopamine salt); for this reason and their increased resolution, HD scans 
were preferable for determining percent composition rather than survey spectra. The 
survey spectra shows the presence of titania after polydopamine-sensitization, which is 
indicative of an attached layer of less than 10 nm based upon the penetration depth of x-
rays in XPS [52]. Carbon, nitrogen, oxygen, and titanium were the elements that were 
chosen for HD scans. 
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The HD scans were individually deconvoluted into associated peaks and the 
corresponding peak areas were used to determine the percent composition presented in 
this analysis. A representative set of HD spectrum deconvolutions for a dopamine-
sensitized film (20 s) in DI water is shown below in Figure 5.  
 
Figure 5: Deconvoluted HD XPS spectra results of a dopamine-sensitized film (20 s) in 
DI water with labeled peaks. The upper curve in each plot represents the residual between 
the raw data (red in lower curves) and the sum (blue in lower curves) of the deconvoluted 
peaks (orange in lower curves). 
The C1s scan deconvolutes into peaks that correspond to the following bonds: C-
C/C=C, C-O, and C=O [61]. These bonds are found on any sample that is exposed to the 
atmosphere and is known as ‘adventitious carbon contamination.’ This is difficult to 
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differentiate from carbon in dopamine. The N1s scan consists of two peaks associated 
with a primary amine and a secondary amine [62]. The O1s Scan is a peak that has 
contributions from Ti-O and Ti-OH bonds [37]. The Ti2p scan has a doublet peak 
including Ti 2p3/2 and Ti 2p1/2 bonds [37]. The previously mentioned bonds are labeled 
within or adjacent to their corresponding peaks in Figure 5. After all the HD scans are 
deconvoluted for a sample, all the HD scans are charge shifted based upon shifting the C-
C/C=C bond to an energy level of 284.8 eV, which is a common practice in XPS 
analysis. The binding energies for these bonds were cultivated and are presented below in 
Table 2. 
Table 2: XPS functional groups and their binding energies (eV). 
 
As expected, the C-C/C=C bonds are all approximately 284.8 eV with minor 
variation originating from the analysis software. The nitrogen band (399.32 eV) and 
composition (0.4%) for the titania film are due to starting impurities in the film. The 
averages and standard deviations were compared for dopamine and polydopamine 
sensitization without a statistical difference; for this reason, the binding energies of each 
individual bond were analyzed and are reported in the following table:  
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Table 3: Calculated binding energies from HD XPS spectra deconvolutions for 
(poly)dopamine-sensitized titania films. 
 
The binding energies of the carbon bonds of (poly)dopamine-sensitized samples 
are consistent with the titania film sample, but this is the only element that is similar. The 
Ti-O and Ti-OH bonds found in the O1s scan shift by 2.7 and 2.28 eV, respectively, due 
to sensitization with either dopamine or polydopamine. The Ti 2p3/2 and Ti 2p1/2 bonds 
shift by approximately 2.82 and 2.83 eV, respectively. This shift indicates that these 
bonds play a role in adsorption, consistent with the interpretation of the FTIR spectra 
above [61]. Xin et al. indicated that a positive shift corresponds to electron transfer 
between adsorbed dopamine and titanium at the surface of nanotube photonic crystals 
[63]. Unsurprisingly, the difference in peak energy for the metal oxide doublet (Ti 2p3/2 
and Ti 2p1/2) is 5.7 eV in literature and all samples studied [64]. This information 
indicates that the titanium atom participates in adsorption and is capable of electron 
transfer with dopamine, but it does not conclusively distinguish between mononuclear 
and binuclear bidentate binding. 
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The intention was to use the change in binding energy to determine whether 
mononuclear or binuclear bidentate attachment occurred; however, XPS studies were 
unable to distinguish between mononuclear and binuclear attachment when performed on 
an anatase (101) single crystal and a rutile (110) single crystal by Syres et al. and 
Jackman et al., respectively [22, 29]. This challenge appears to originate from the 
limitations of the XPS technique. Although this experiment did not determine the 
difference between mononuclear and binuclear attachment, it provides information on the 
composition of the attached layer. The peaks atomic percentages were summed for each 
element in each sample and are displayed below in Table 4.  
Table 4: Percent compositions of polydopamine-sensitized films in pH 8.5 aqueous 
solution and dopamine-sensitized films in DI water calculated from HD XPS spectra. 
 
Both primary and secondary amine bonds are observed in XPS after sensitization, 
which is seen as an increase in nitrogen atomic percentage in Table 4. Samples that were 
sensitized with a polydopamine solution have a higher atomic percentage of carbon and 
nitrogen, suggesting that more dopamine monomer units are deposited. This implication 
was studied through TGA experiments (to be discussed below). Comparing the atomic 
percentage of secondary amine to primary amine provides a qualitative comparison of 
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polymerized dopamine on the surface of the films. These ratios are plotted below on 
Figure 6. 
 
Figure 6: Scatterplot comparison of secondary amine to primary amine bond atomic 
percentages from XPS results. 
The polydopamine-sensitized films have a greater secondary amine/primary 
amine ratio for sensitization times between 20 s and 6 h.  This observation is consistent 
with the formation of C-NH-C bonds proposed in most mechanisms of dopamine 
polymerization. This finding indicates that the degree of dopamine polymerization on 
titania films is higher for the samples that were sensitized with a polydopamine solution. 
This relation coincides with the increase atomic percentage of carbon for titania films 
sensitized with a polydopamine solution. In order to confirm this finding, another 
analysis technique was utilized.  
TGA was used to determine the combustible components and percent weight lost. 
Dopamine-sensitized films in DI water were analyzed by TGA, and the results are 
displayed in Figure 7.  
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Figure 7: Thermogravimetric analysis of dopamine-sensitized titania films prepared in DI 
water for different times. 
The vertical line observed on the TGA plots at 220 °C separated the evaporation 
of physically absorbed water up to 220 °C and the onset of organic decomposition, 
identified through the change in the derivative of heat loss [37, 65]. For the titania film, 
the drop in mass near 320 °C is due to the presence of residual organics, and the slight 
decline from approximately 500 °C to 600 °C is due to sintering and low water produced  
by condensation [66]. The weight percent degradation values displayed in Table 5 were 
obtained by subtracting the weight percent value at 600 °C from the weight percent value 
at 220 °C.  
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Table 5: Weight percent degradation after 220 °C of dopamine-sensitized and 
polydopamine-sensitized titania films. 
 
Figure A4 through Figure A6 display the TGA results from polydopamine-
sensitized films at pH 8.5, dopamine-sensitized films at pH 3.5, and dopamine-sensitized 
films at pH 8.5, respectively. The weight percent change due to curing of titania and loss 
of residual organics is approximately 4.50%, which is the basis for comparison for 
dopamine-sensitized and polydopamine-sensitized films. Dopamine-sensitized films vary 
in weight percent degradation values between 7.8 and 15.5%, but polydopamine-
sensitized films vary between 24.6 and 28.0%. There are not clear trends in the change of 
dopamine-treated samples with time, but the polydopamine samples increase somewhat 
from 20 s to 6 h. These results confirm the findings suggested in the XPS analysis: 
polydopamine sensitization results in an increased amount of dopamine attachment 
compared to any form of dopamine sensitization. In order to connect the amount of 
dopamine present on the films to electrochemical activity, UV-visible absorption spectra 
were obtained.  
While color changes in the films could be observed by direct visual inspection, 
UV-Vis spectroscopy was used to understand the nature of the species on the film and 
their wavelength-dependent light absorption properties. Spectra of dopamine-sensitized 
films in DI water from 20 s to 6 h are displayed in Figure 8.  
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Figure 8: UV-vis spectra of dopamine-sensitized titania films prepared in DI water for 
different times. 
As expected, the absorbance of the titania film in the visible region was low, and 
absorbance only started to increase in the UV range of the spectrum. Dopamine-
sensitized films have greater absorption in the visible range, with a wide and decreasing 
spectrum consistent with what has been reported for dopamine encapsulated in an 
amorphous titania matrix  [10]. The polydopamine-sensitized films in pH 8.5 aqueous 
solution have a similar absorbance spectrum to the dopamine-sensitized films, as seen in 
Figure A7. The polydopamine-sensitized film treated for 20 seconds have a higher 
absorbance than the titania film and a lower absorbance than the 15 minutes, 1 hour, and 
6 hours samples, which are all similar. The visible light absorbance appears to be 
independent of the sensitization time for both dopamine sensitization and polydopamine 
sensitization.  
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Although visible light absorbance appeared independent of sensitization time, 
dopamine-sensitized samples was directly compared to polydopamine-sensitized samples. 
Figure 9 shows this comparison for samples treated for 6 hours; this figure shows that 
polydopamine-sensitized films has a higher visible light absorbance than dopamine-
sensitized films. This suggests a positive effect of dopamine polymerization on light 
absorption, but it does not indicate whether this translates to better electrochemical 
performance. 
 
Figure 9: UV-vis spectra of a polydopamine-sensitized film in pH 8.5 aqueous solution (6 
hr), dopamine-sensitized film in DI water (6 hr), and unmodified titania film.  
Initially, the goal was to compare UV-vis spectra before and after electrochemical 
testing to learn about how testing affects polymerization and adsorption of 
(poly)dopamine. However, attempting to obtain UV-vis absorbance spectra from FTO 
coated slides results in spectra with an oscillatory feature, as seen in Figure A8. The 
absorbances measured on FTO vary drastically based on minor misplacements of the 
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sample, which is an unsolved challenge due to difficulties of sample placement. After 
understanding the visible light absorbance of these samples, the next step towards 
understanding the electrochemical performance is cyclic voltammetry. 
Cyclic voltammograms were used to gain an understanding of the stability 
window of titania films on FTO substrates. Beginning at 0.1 V, sequential cyclic 
voltammograms of a titania film were measured with maximum potentials up to 1.2 V, 
increasing by 0.1 V with each progressive scan in 1 M NaAc, and the results are 
displayed in Figure 10.  
 
Figure 10: Cyclic voltammograms of a titania film progressing into the positive region. 
The results indicate that the water oxidation reaction begins to drastically increase when 
the potential is raised to at least 0.7 V. This process was performed on a dopamine-
sensitized film (6 hr) in DI water in the 1 M NaAc, and the results are presented in Figure 
11. 
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Figure 11: Cyclic voltammograms of a dopamine-sensitized titania film (6 h) in DI water 
progressing into the positive region. 
The differences in Figure 10 and Figure 11 indicate the onset of the dopamine oxidation 
reaction in comparison to the water oxidation reaction. The dopamine oxidation reaction 
appears to drastically increase after 0.2 V with a maximum between 0.4 V and 0.5 V, 
which is where dopamine is most active. The three voltages that would produce the 
highest photocurrents would be limited to 0.2 V, 0.4 V, and 0.5 V. The decreasing 
maximum of the sequential scans and lack of a reduction peak on the return scans seem to 
indicate an irreversible oxidation, which is confirmed in further cyclic voltammetry 
experiments. This finding would suggest that current will be lost over time in 
amperometry experiments. This sample is representative of stability window tests for 
dopamine-sensitized films conducted in pH 3.5 aqueous solution and pH 8.5 aqueous 
solution. 
Cyclic voltammograms were also used to compare the behavior of titania films on 
FTO substrates with and without (poly)dopamine sensitization. The positive potential 
range for these samples were tested in 2 M NaAc at a scan rate of 0.1 V/s for films that 
were sensitized for 15 minutes and are displayed in Figure 12.  
 
25 
 
 
Figure 12: Cyclic voltammogram of the anodic trace of a titania film, dopamine-
sensitized film in DI water (15 min), and polydopamine-sensitized films in pH 8.5 
aqueous solution (15 min) in 2 M NaAc at a scan rate of 0.1 V/s. 
For unmodified titania, no oxidation peak is observed until electrochemical water 
oxidation begins at about 1.2 V. For sensitized samples, the results in Figure 12 are 
representative; increased oxidation is observed with a peak near 0.4-0.5V. In the anodic 
scan, Yan et al. determined 0.4 V as an optimal voltage for detecting dopamine with a 
titania based sensor; Piffer et al. measured dopamine at 0.3 V by silver nanoparticles 
sensitized electrode while Li et al. determined a dopamine oxidation peak at 0.19 V by a 
gold electrode [67-69]. Kang et al. determined the main oxidative peak of dopamine to be 
about 0.4 V, and 0.5 V was used as the potential for electrodeposition on a gold surface 
[70]. The oxidation voltage for dopamine varies depending on the system studied in 
literature. Dopamine oxidation in solution is accompanied by a dopamine reduction peak 
[68]. Without the presence of a reduction peak, irreversible oxidation is indicated.  
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This irreversible oxidation was confirmed by performing multiple cycles of 
anodic traces as seen in Figure 13, which is for a film sensitized with dopamine in DI 
water for 6 hours.  
 
Figure 13: Cyclic voltammogram of the anodic trace of a dopamine-sensitized film in DI 
water (6 hr) over 5 cycles in 2 M NaAc at a scan rate of 0.025 V/s. 
The representative plot seen in Figure 13 clearly demonstrates the decreasing 
current with every subsequent cycle, which was an indicative feature of irreversible 
oxidation. The increased current towards the maximum voltage in Figure 12 and Figure 
13 were the result of direct water oxidation at high potential.  
The cathodic traces for FTO, a titania film, and a film sensitized with dopamine in 
DI water for 15 minutes are displayed in Figure 14. All measurement were performed in 
1 M KOH at a scan rate of 0.01 V/s.  
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Figure 14: Cyclic voltammogram of the cathodic trace of FTO, a titania film, and a 
dopamine-sensitized film in DI Water (15 min) in 1 M KOH at a scan rate of 0.01 V/s. 
The FTO voltammogram has a reduction peak – 0.2 V, which is caused by the 
reduction of tin followed by the onset of water reduction at lower voltage [71]. The 
presence of a titania film on the FTO inhibits the reduction of tin by acting as insulator. 
The presence of dopamine on the titania films results in a larger magnitude of measured 
current: this negative current is attributed to the reduction of water starting as early as -
0.12 V. The onset of the hydrogen evolution reaction occurred at a higher magnitude of 
voltage than the reduction of tin [71]. After identifying the potential to operate 
amperometry experiments at a negative voltage, the stability window experiments were 
repeated. 
Beginning at 0.1 V, sequential cyclic voltammograms of a titania film were 
measured with a minimum potential of -0.4 V, decreasing by 0.1 V with each sequential 
scan in 1 M NaAc, and the results are displayed in Figure 15.  
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Figure 15: Cyclic voltammograms of a titania film progressing into the negative region. 
The tin reduction peak that is identified in Figure 14 is not present in the stability 
window measured, which confirms the insulation of tin by the titania film. In order to 
compare the stability window of a dopamine-sensitized titania film (6 h) in DI water, the 
stability window test was performed in 1 M NaAc, and the results are presented in Figure 
16.  
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Figure 16: Cyclic voltammograms of a dopamine-sensitized titania film (6 h) in DI water 
progressing into the negative region. 
The stability window of a dopamine-sensitized titania film (6 h) clearly resembles the 
featureless results of the titania film experiments in Figure 15. The similar measurements 
between these two sets of experiments indicate an opportunity to perform water reduction 
experiments without incurring new reactions due to the presence of dopamine.  
The cyclic voltammograms provides a few valuable insights into the systems 
studied. The tin reduction peak and dopamine oxidation peaks are irreversible processes. 
Figure 17 shows the effect of illumination by a blue LED (455 nm) on cyclic 
voltammograms of a representative dopamine-sensitized titania film sample. 
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Figure 17: Cyclic voltammogram of a dopamine-sensitized film in DI water (15 min) 
with and without blue LED illumination.  
Illumination by visible blue light does not alter the voltammogram, and trap 
capacitive effects that originate from photocurrent appear negligible [72]. These valuable 
insights provide the foundation for analyzing the photoelectrochemical performance of 
the samples.  
In order to determine the electrochemical activity of titania films, dopamine-
sensitized films, and polydopamine-sensitized films, photoelectrochemical performance 
values were defined. A representative sample of the amperometric current-time (i-t) 
curves that result from the experiments is presented for titania films in Figure 18.  
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Figure 18: Amperometric current-time (i-t) curves of three titania films in 2 M NaAc 
tested at a voltage of 0.5 V reported in current density (µA/cm2). The On/Off position of 
the light was indicated under the x-axis.  
The current of a titania film under an applied voltage of 0.5 V was measured with 
an area exposed to a visible blue LED light (455nm). The measured current is divided by 
the exposed area to be reported as current density (µA/cm2). Photocurrent density values 
are calculated by subtracting the photocurrent value when the light is turned off for the 
second time from the value when the light is on for the second time. The location of these 
values are labeled “Off value” and “On value” in Figure 18. Three samples were 
measured in this format in order to determine the error bars for future comparisons. These 
values were measured in a similar way for all samples and are presented in Figure 19 for 
titania films, dopamine-sensitized films (‘Dop’), and polydopamine-sensitized films 
(‘PD’).  
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Figure 19: Photocurrent densities calculated from amperometric current-time (i-t) curves 
of three titania films, three dopamine-sensitized films in pH 8.5 aqueous solution, and 
three polydopamine-sensitized films in pH 8.5 aqueous solution over time. 
These films were sensitized at pH 8.5 for 20 seconds, 15 minutes, 1 hour, and 6 
hours. The electrolyte for these photocurrent measurements was 2 M NaAc while the 
voltage was 0.5 V. The raw data are presented in Figures A9-A16, and the values 
obtained from these 27 films are presented in Table A1.  
Titania films exhibit lower photocurrent values (0.020 µA/cm2) than all forms of 
sensitization, which confirms the enhancement of visible light absorption. There is no 
statistical difference between sensitizations at 20 s due to large uncertainties. The larger 
treatment times give a statistical difference between dopamine and polydopamine 
sensitizations; dopamine provides a better photocurrent enhancement than polydopamine. 
Polydopamine sensitization results in a decrease in photocurrent enhancement over time, 
whereas dopamine sensitization hits its maximum enhancement at 15 minutes. Dopamine 
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sensitization results in a maximum photocurrent enhancement of 12.8 times (relative to 
titania) and 8.7 times for polydopamine. Understanding that TGA and XPS proves an 
increased amount of organic attachment occurred in polydopamine sensitization, an 
inverse relationship existed between the organic composition and electrochemical 
performance.  
This relationship suggests that dopamine polymerization negatively impacts 
photocatalytic performance, despite the increase in visible light absorption. Lowering the 
pH to 3.5 is one method of inhibiting dopamine polymerization. Dopamine sensitization 
was investigated at different pH values through the same amperometric current-time (i-t) 
curve experiments. These values were cultivated and are presented in Figure 20 for titania 
films, dopamine-sensitized films in DI water, pH 3.5 aqueous solution, and pH 8.5 
aqueous solution.  
 
Figure 20: Photocurrent densities at 0.4 V calculated from amperometric current-time (i-
t) curves of three titania films, three dopamine-sensitized films in pH 3.5 aqueous 
solution, three dopamine-sensitized films in pH 8.5 aqueous solution, and three 
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dopamine-sensitized films in DI water.  The sensitization time was 6 hours for all 
samples. 
The results presented in Figure 20 are for films sensitized for 6 hours, and the 
electrolyte used for photocurrent measurements was 0.5 M K2SO4 while the voltage used 
was 0.4 V. The raw data from these experiments is presented in Figures A17-A20, and 
the values obtained from these 12 films that are presented in Figure 20 are presented in 
the Table A2. 
Similar to the previous experiment, dopamine sensitization is found to induce an 
enormous increase in visible-light photocurrent. Under the conditions of this experiment, 
the enhancements relative to titania is 55 times, 75.1 times, and 27.4 times at pH 3.5, in 
DI water, and at pH 8.5, respectively. While impressive, both samples prepared at pH 3.5 
and at pH 8.5 result in lower visible-light photocurrents than the sample sensitized in DI 
water. Dopamine rapidly polymerizes at a pH 8.5, and the samples sensitized at this pH 
have the lowest photocurrent values as a result [47, 50, 73]. Consistent with the 
comparison of dopamine and polydopamine at pH 8.5, this supports the conclusion that 
polymerization during the sensitization process negatively impacts the resulting 
electrochemical performance. This is an important finding because both Ti:dopamine 
complexation and dopamine polymerization result in a reddish-brown tint to the films, 
but only Ti:dopamine complexation is desirable. 
 At the opposite extreme, dopamine polymerization is expected to be inhibited in 
acidic environments like pH 3.5, but unfortunately samples sensitized at this pH have a 
lower photocurrent than samples prepared in DI water [47, 74]. This may be because the 
amount of dopamine complexed to the titania surface in the most active form for charge 
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complex formation is reduced at pH 3.5. Reducing the pH increases the amount of 
protonated dopamine, which may have caused some electrostatic interactions of 
dopammonium cations to the titania surface. This series of experiments demonstrates that 
optimal dopamine/polydopamine sensitization conditions was dopamine in DI water.  
The voltages of 0.4 V and 0.5 V drive dopamine oxidation. In order to isolate the 
photocurrent generated due to illumination without voltage driven dopamine oxidation, 
an amperometry experiment was performed in 1 M KOH at 0.2 V, and the results are 
presented in Figure 21.  
 
Figure 21: Amperometric current-time (i-t) curves of a titania film and three dopamine-
sensitized titania films in DI water for different times in 1 M KOH tested at a Voltage of 
0.2 V with their calculated photocurrent densities reported in current density (µA/cm2). 
The On/Off position of the light was indicated under the x-axis. 
After running the experiment at a lower voltage, it is evident that operating at a 
voltage lower than the voltage of dopamine oxidation produces a stable and overlapping 
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dark current. At 0.4 V and 0.5 V, the dark current measured from titania films and films 
sensitized with (poly)dopamine do not overlap (there is a steady decrease with elapsed 
time), which is attributed to voltage-driven dopamine oxidation. Excess charge 
recombination occurs when the film is not illuminated (indicated by large spikes in 
photocurrent at the start of each illumination cycle), which indicates a buildup of excess 
unused charge carriers that could further increase the photocurrent measured. The 
behavior of dopamine-sensitized titania films under positive voltages was investigated 
thoroughly; the reasons for a lack of a long-term stable photocurrent required 
investigation.  
In order to understand the effect of being exposed to DI water during sensitization 
and photocurrent testing, titania films were soaked in DI water. After 6 hours, the films 
were removed, and 8 mM dopamine was added to the aqueous solution. For comparison, 
a fresh solution of 8 mM dopamine in DI water was prepared. UV-vis spectra of these 
solutions are displayed in Figure 22.  
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Figure 22: UV-vis spectra of a pure dopamine solution and a titania solution treated with 
dopamine. The titania solution was formed by soaking titania films in DI water. 
As seen in Figure 22, the formation of a titania-dopamine complex is identified 
from the former solution while dopamine does not form a complex absorbing visible light 
in the latter solution [75]. The absorbance in the ultraviolet region is the same for both 
solutions presented in Figure 22. The titania-dopamine solution demonstrates a visually 
observable color (reddish-brown) associated with the formation of a Ti:dopamine charge-
transfer complex with an absorption peak at approximately 393 nm [76]. This result 
confirms that some amount of titania left the surface of the film when placed in DI water.  
This may be loosely bound, uncondensed precursor associated with the main film.  
 The effect of the pH levels on the leached Ti:dopamine was studied in a similar 
manner, and the results are presented below in Figure 23: 
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Figure 23: UV-vis spectra of the sensitization solutions after 6 hours at various pH levels. 
The UV-vis results of the sensitization solutions suggest that polydopamine 
formation at a pH level of 8.5 did not significantly alter the titania leaching. The leaching 
identified in this experiment is likely to occur in the amperometric current-time (i-t) 
curve experiment, which may explain the decreasing currents. This leaching problem 
may also be represented in the decreasing photocurrent over time for dopamine-sensitized 
films. Although unconfirmed, this leaching may explain the lack of a dopamine reduction 
peak in Figure 12 and decreasing oxidation peak in Figure 13. The desorption of 
dopamine is a possible flaw of the dopamine-sensitized films, but the confirmation of 
titania leaching makes determining dopamine desorption difficult. Future work should 
include a quantification process for the effect of titania leaching separated from dopamine 
desorption.  
 Throughout this study, multiple electrolytes were used. NaAc, K2SO4, and KOH 
were all used for different experiments. Initially, 1 M KOH is used in order to conform 
with the experiments presented in previous publications, but the electrolyte solution KOH 
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is slightly basic [55]. Basic solutions induce dopamine polymerization, which is avoided 
by switching to a neutral salt. The three electrolytes have an inactive electrochemical 
behavior when tested in positive voltages except for expected water oxidation, but the 
behavior when tested in negative voltages vary drastically: KOH and K2SO4 have 
exaggerated peaks at the voltage of water reduction while NaAc does not exaggerate the 
tin reduction/oxidation peak [71]. For future experiments, standardizing the electrolyte to 
2 M NaAc is recommended when studying samples on FTO substrates. The challenges 
that were identified present opportunities for further research; however, investigating the 
negative voltage potential of these films offered other unique findings. 
Cyclic voltammograms presented above demonstrate the lack of a dopamine 
reduction over a wide voltage window. A novel opportunity is identified for water 
reduction under negative voltage. Preliminary studies into water reduction used a voltage 
higher than the tin reduction peak (-0.173 V) and lower than the tin reduction peak (-0.4 
V). The photocurrent values were calculated in the same manner as previously described. 
A representative example of a titania film and a dopamine-sensitized film in DI water is 
presented in Figure 24, where the electrolyte was 0.5 M K2SO4.  
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Figure 24: Amperometric current-time (i-t) curves of a titania film and dopamine-
sensitized film (15 min) with calculated photocurrent densities (µA/cm2).  A voltage of -
0.4 V was applied. The On/Off position of the light was indicated above the x-axis.  
The voltage was -0.4 V, and the drastic difference in the appearance of the 
amperometric current-time (i-t) curve is evident. When run under a comparable negative 
voltage, the entire current density recorded is negative. The interpretation of these 
samples is the presence of the water reduction reaction occurring. The dopamine-
sensitized sample exhibits a larger dark current than the titania film. Illumination by 
visible light drives an enhancement of the reduction reaction occurring, which results in a 
negative photocurrent. Under the conditions of this experiment, a novel enhancement in 
visible light-induced water reduction by 7.7 times is found.  
Similarly, the effect of deposition time on dopamine-sensitized films’ 
electrochemical performance was studied. In Figure 25, the results of a titania film and 
dopamine-sensitized films tested at -0.173 V in 1 M KOH are displayed.  
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Figure 25: Amperometric current-time (i-t) curves of a titania film and dopamine-
sensitized films over time with calculated photocurrent densities (µA/cm2). The On/Off 
position of the light was indicated under the x-axis.  
The films were sensitized for 15 minutes, 1 hour, and 6 hours in DI water. The 
voltage for this experiment was determined by identifying the location on a cyclic 
voltammogram where the reduction and oxidation currents were equal. At and near this 
voltage, the dark currents support an oxidation reaction, and illumination drives a 
reduction reaction. The calculated photocurrent densities are higher as a result of 
enabling both oxidation and reduction reactions within the same experiment. While the 
majority of the titania film performs an oxidation throughout the experiment, the 
dopamine-sensitized films demonstrate a reduction while illuminated. Common artifacts 
found by testing in this environment are sharp spikes in current when illumination is 
switched on/off. When the light is turned off, charge carrier recombination occurs. When 
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the light is turned on, charge carrier generation occurs. The form of spikes indicate that 
there are more charge carriers generated than participating in a reduction reaction. This 
finding suggests that this dopamine-sensitized titania system could perform more 
efficient reduction resulting in a stronger induced photocurrent. The extension of this 
work would benefit from determining a method to better utilize the excess 
photogenerated charge carriers.    
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4. Conclusion 
This study reported the identification of predominately bidentate attachment of 
(poly)dopamine to mesoporous thin titania films, and the analysis of the HD XPS scans 
demonstrated the presence of both primary amines and secondary amines. Although 
qualitive, the ratios of primary amines to secondary amines indicated that polydopamine 
sensitization results in a further degree of polymerized dopamine attached to the surface 
of the titania film for the elapsed durations investigated. Polydopamine sensitization for 
15 minutes resulted in the highest degree of polymerization with a primary amine to 
secondary amine ratio of 1:4.5. The presence of polydopamine was further supported for 
polydopamine sensitization through TGA results of 24.6-28.0% combustible components 
compared to the 7.8-15.5% for dopamine sensitization.  
Performing the sensitization process for longer than 15 minutes was identified as 
unproductive. Photoelectrochemical performance was not statistically improved through 
lengthening the duration past 15 min for dopamine nor polydopamine sensitization. The 
maximum photoelectrochemical enhancement was calculated for a dopamine-sensitized 
film in DI water with a 75.1 times enhancement relative to pure titania films at a voltage 
of +0.4 V. Altering the pH to basic or acidic solutions decreased the enhancement down 
to 55 and 27.4 times, respectively. Although counterintuitive, the results demonstrated 
the inverse relationship between the mass of attached (poly)dopamine to photocurrent 
density. Paired with this conclusion was another equally counterintuitive, inverse 
relationship between visible light absorption and photocurrent density. Considering the 
native visible light absorption of polydopamine in solution, this relationship was likely 
the affect of the correlation between the mass of polydopamine attachment and visible 
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light absorption. These observations indicated that the absorption of visible light by 
polydopamine did not enhance the amount of available charge carriers photogenerated by 
the Ti:dopamine charge-transfer complex for redox reactions. 
Through performing cyclic voltammetry experiments, an inert section of negative 
voltages was found that did not induce the reduction of tin for titania films nor dopamine-
sensitized titania films. Using the two voltages, -0.4 V and -0.173 V, the potential for 
water reduction was demonstrated. The photogenerated charge carriers at these voltages 
drove the water reduction reaction, resulting in negative photocurrent densities. A titania 
film sensitized with dopamine for 6 hours in DI water produced a 7.5 times enhancement 
relative to a titania film, but the magnitude of the negative photocurrent density generated 
was 1.102 µA/cm2, approximately twice as large as the largest magnitude produced in a 
positive voltage while only applying -0.173 V. This large magnitude was produced at this 
voltage because the sample enabled both oxidation and reduction reactions to occur at the 
electrochemically active sites. The generation of hydrogen by dopamine-sensitized titania 
films is a nascent, if not novel application of this mesoporous titania thin film system. 
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Appendix A: Supporting Information  
 
Figure A1: FTIR spectra of polydopamine-sensitized titania films in a pH 8.5 aqueous 
solution over time and unmodified titania. The transparent vertical lines presented are at 
1191 cm-1 (δ (O-H)), 1261 cm-1 (ν (C-O)), and 1288 cm-1 (ν (C-O)). 
 
Figure A2: FTIR spectra of dopamine-sensitized titania films in a pH 8.5 aqueous 
solution over time and unmodified titania. The transparent vertical lines presented are at 
1191 cm-1 (δ (O-H)), 1261 cm-1 (ν (C-O)), and 1288 cm-1 (ν (C-O)). 
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Figure A3: FTIR spectra of dopamine-sensitized titania films in a pH 3.5 aqueous 
solution over time and unmodified titania. The transparent vertical lines presented are at 
1191 cm-1 (δ (O-H)), 1261 cm-1 (ν (C-O)), and 1288 cm-1 (ν (C-O)). 
 
Figure A4: Thermogravimetric analysis of polydopamine-sensitized titania films prepared 
in pH 8.5 aqueous solution for different times. 
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Figure A5: Thermogravimetric analysis of dopamine-sensitized titania films prepared in 
pH 3.5 aqueous solution for different times. 
 
Figure A6: Thermogravimetric analysis of dopamine-sensitized titania films prepared in 
pH 8.5 aqueous solution for different times. 
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Figure A7: UV-vis spectra of polydopamine-sensitized titania films prepared in pH 8.5 
aqueous solution for different times. 
 
Figure A8: UV-vis spectra of polydopamine-sensitized titania films prepared in pH 8.5 
aqueous solution on FTO for different times. 
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Figure A9: Amperometric current-time (i-t) curves of three dopamine-sensitized titania 
films in pH 8.5 aqueous solution (20 s) in 2 M NaAc tested at a voltage of 0.5 V reported 
in current density (µA/cm2). 
 
Figure A10: Amperometric current-time (i-t) curves of three dopamine-sensitized titania 
films in pH 8.5 aqueous solution (15 m) in 2 M NaAc tested at a voltage of 0.5 V 
reported in current density (µA/cm2). 
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Figure A11: Amperometric current-time (i-t) curves of three dopamine-sensitized titania 
films in pH 8.5 aqueous solution (1 h) in 2 M NaAc tested at a voltage of 0.5 V reported 
in current density (µA/cm2). 
 
Figure A12: Amperometric current-time (i-t) curves of three dopamine-sensitized titania 
films in pH 8.5 aqueous solution (6 h) in 2 M NaAc tested at a voltage of 0.5 V reported 
in current density (µA/cm2). 
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Figure A13: Amperometric current-time (i-t) curves of three polydopamine-sensitized 
titania films in pH 8.5 aqueous solution (20 s) in 2 M NaAc tested at a voltage of 0.5 V 
reported in current density (µA/cm2). 
 
Figure A14: Amperometric current-time (i-t) curves of three polydopamine-sensitized 
titania films in pH 8.5 aqueous solution (15 m) in 2 M NaAc tested at a voltage of 0.5 V 
reported in current density (µA/cm2). 
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Figure A15: Amperometric current-time (i-t) curves of three polydopamine-sensitized 
titania films in pH 8.5 aqueous solution (1 h) in 2 M NaAc tested at a voltage of 0.5 V 
reported in current density (µA/cm2). 
 
Figure A16: Amperometric current-time (i-t) curves of three polydopamine-sensitized 
titania films in pH 8.5 aqueous solution (6 h) in 2 M NaAc tested at a voltage of 0.5 V 
reported in current density (µA/cm2). 
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Table A1: Photocurrent density values of the titania films, dopamine-sensitized films, and 
polydopamine sensitized films presented in Figure 19. 
 
 
Figure A17: Amperometric current-time (i-t) curves of three titania films in 0.5 M K2SO4 
tested at a Voltage of 0.4 V reported in current density (µA/cm2). 
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Figure A18: Amperometric current-time (i-t) curves of three dopamine-sensitized titania 
films in DI water (6 h) in 0.5 M K2SO4 tested at a Voltage of 0.4 V reported in current 
density (µA/cm2). 
 
Figure A19: Amperometric current-time (i-t) curves of three dopamine-sensitized titania 
films in pH 3.5 aqueous solution (6 h) in 0.5 M K2SO4 tested at a Voltage of 0.4 V 
reported in current density (µA/cm2). 
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Figure A20: Amperometric current-time (i-t) curves of three dopamine-sensitized titania 
films in pH 8.5 aqueous solution (6 h) in 0.5 M K2SO4 tested at a Voltage of 0.4 V 
reported in current density (µA/cm2). 
 
Table A2: Photocurrent density values of titania films, dopamine-sensitized films (6 h), 
and polydopamine sensitized films (6 h) presented in Figure 20. 
 
 
Dopamine Average
Standard 
Deviation
Titania Film 0.007 0.001
DI Water 0.526 0.071
pH 3.5 0.382 0.040
pH 8.5 0.192 0.054
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